The marine yeast strain Metschnikowia saccharicola DD21-2, isolated from sediments in the Yalu River, produces a killer toxin with a lethal effect on Metschnikowia bicuspidate strain WCY, a pathogenic yeast strain that infects crabs. In this study, the killer toxin was purified and characterized. After sequential purification, the purity of the killer toxin was increased 72.2-fold over the purity of the yeast cell culture supernatant. The molecular weight of the purified killer toxin was 47.0 kDa. The optimal pH and temperature for killing activity were 5.5
INTRODUCTION
Pathogenic yeasts have recently caused immense losses in marine aquaculture. For example, the pathogen that causes the 'emulsification disease' in the crab Portunus trituberculatus is the yeast Metschnikowia bicuspidata. However, given the similarity of the structures and functions of yeast cells with those of human and animal cells, controlling yeast diseases is challenging. Regular antibiotics are not effective against pathogenic yeasts, and long-term use of these antibiotics results in drug resistance, which ultimately puts human health at risk. Studies have shown that killer yeasts and the killer toxins they produce have antimicrobial activity and can be used to control the growth of pathogenic yeasts in humans, animals and plants (Comitini et al. 2004; Magliani et al. 2008; Chi et al. 2010; Wang et al. 2013) . A variety of yeasts isolated from different marine environments have been recently shown to be capable of producing toxins that antagonize M. bicuspidata WCY, a yeast strain that is lethal to crabs (Wang et al. 2007a (Wang et al. , 2008 Hua et al. 2010; Buzdar et al. 2011; Liu et al. 2012) . Killer yeasts and their produced killer toxins have a relatively wide range of adaptability and can specifically act on the cell wall of a target yeast, but animals and humans lack cell walls, so the killer yeasts could be applied to aquaculture in a way that lessens the risk to humans.
Killer toxins produced by yeasts are low-molecular-weight proteins or glycoproteins that can directly kill the relevant yeasts without involving intercellular contact (Magliani et al. 1997; Ciani and Comitini 2015) . This type of killing is quite common and occurs in laboratory and natural yeasts. In the natural environment, the secretion of killer toxins is an effective tool for eliminating competitors for limited resources. Killer toxins secreted from killer yeasts initially recognize primary receptors on the cell wall and then move to the cell membrane, where they interact with secondary receptors or directly enter sensitive cells, with lethal consequences (Magliani et al. 1997; Schmitt and Breinig 2006) . The killing of sensitive cells by killer toxins generally involves the hydrolysis of β-1,3-glucans, which are the primary component of cell walls (Comitini et al. 2004; İzgü and Altınbay 2004) . Multiple events lead to the death of cells, such as hydrolytic inhibition of cell wall synthesis (Takasuka et al. 1995) , delays of DNA synthesis and cell budding (Schmitt et al. 1996) , cellular retardation in the G1 phase of the cell cycle (White et al. 1989) , and induction of DNA damage and apoptosis (Magliani et al. 2008) .
We isolated and characterized yeast strain M. saccharicola DD21-2, which kills the emulsification disease-causing WCY strain, and determined that its killer toxin has high killing activity and a relatively wide antibiogram. The toxin specifically acts on the cell walls of sensitive yeasts, thereby avoiding damage to the cells of the marine host animal. These characteristics render this killer yeast a potential candidate for preventing and treating pathogenic yeast infections in marine aquaculture. This is also the first to report killer activity of M. saccharicola against marine pathogenic yeast M. bicuspidata WCY. To further deploy this yeast in disease control in P. trituberculatus cultivation, we purified the killer toxin of M. saccharicola DD21-2 and investigated its characteristics and action site.
MATERIALS AND METHODS

Yeast strains and media
The killer yeast strain DD21-2 was isolated from the marine sediment of Yalu River in Dandong, Liaoning Province, China.
Routine biochemical tests and sequence analysis of 26S rDNA identified this strain as M. saccharicola (accession number KY849584). Metschnikowia bicuspidata WCY (collection number 2E00088 at the Marine Microorganisms Culture Collection of China), a confirmed pathogenic yeast in P. trituberculatus (Wang et al. 2007a) , was supplied by Z. M. Chi from the College of Marine Life Sciences, Ocean University of China. The growth medium was YPD medium containing 1% yeast extract, 2% glucose and 2% peptone. The medium for killer toxin production was YPD medium with 2% NaCl, 15% glycerol, and 0.05 M citric acidNa 2 HPO 4 buffer (prepared in distilled water) to maintain the pH of the culture medium at 5.0. The killer toxin activity was assayed in YPD agar supplemented with 3 mg/mL methylene blue dissolved in ethanol (final concentration 0.003%) (Peng 2010) .
Production of the killer toxin by M. saccharicola DD21-2
Metschnikowia saccharicola DD21-2 was cultivated for 72 h in a shaking incubator at 140 rpm and 28
• C in 1000-mL Erlenmeyer flasks with 300 mL of the culture medium. After sucking filtration and 0.45-μm microporous membrane filtration, each culture supernatant was each concentrated (5000× g, 10 min, 4
to a volume of 20 mL by ultrafiltration with a 5-kDa cut-off membrane in a Labscale TFF system (Millipore, Billerica, MA, USA). The concentrated supernatants were used for the crude killer toxin preparation (Wang et al. 2008) .
Determination of specific killer activity
The specific killer activity was assayed by a diffusion test using Oxford cups (6 mm × 10 mm, 6 mm in diameter). The cups were placed on the plates according to the experimental requirements, and 250-μL test samples were added to the cups. The plates were placed at 24
• C for 2-3 days, after which the diameters of the microbial inhibition zones were measured with a ruler and recorded (Peng 2010) . One unit (U) of killing activity was defined as the protein quantity needed to generate a microbial inhibition zone with a diameter of 1 mm (Peng et al. 2009 ).
Purification of the specific killer toxin
The crude killer toxin obtained by ultrafiltration concentration was applied to DEAE-Sepharose Fast Flow anion-exchange column (Bestchrom, Shanghai, China). After being fully eluted with 0.02 M citric acid-Na 2 HPO 4 buffer (pH 5.0), the killer toxin was entirely washed off, as they failed to combine with the anionexchange column. The eluted fluid was collected and concentrated using a dialysis bag with a molecular weight cut-off of 7 kDa, then applied to a Sephadex G-50 gel chromatography column (Bestchrom). The column was eluted with 0.05 M citric acidNa 2 HPO 4 buffer (pH 5.0) at a flow rate of 1 mL/min. The eluent containing the killer toxin was collected and pooled. After overnight equilibration with 0.02 M citric acid-Na 2 HPO 4 buffer (pH 5.0), the mixture was applied to a CM-Sepharose Fast Flow cation-exchange column, and the bound proteins were eluted with a linear gradient of NaCl solution (range of 0-1 M). The killing activity and total protein of eluent were measured as described in the previous section.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted according to the method proposed by Laemmli (1970) to test the purity and molecular weight of the proteins. Electrophoresis was conducted according to the user manual of Mini-PROTEAN Tetra (Bio-Rad Biosciences, Orsay, France), with Coomassie brilliant blue R-250 used to stain the resolved proteins (George and Diwan 1983) . The Blue Plus Protein Marker (Transgen Biotech, Beijing, China) that was used contains seven pre-stained proteins ranging in molecular weight from 14-100 kDa.
Effects of temperature and pH on killing activity
The killing activity of the killer toxin was tested at different temperatures ranging from 8
• C to 36
• C. The temperature stability of the purified killer toxin was determined after treatment in a thermostatic water bath for 1 h at 20
and 70
• C.
The killing activity of the purified killer toxin was tested on YPD buffered at different pH values ranging from 3.0 to 7.0. The pH stability of the purified killer toxin was determined after incubation at 4
• C for 24 h, which was mixed with the same volume of 0.05 M citric acid-Na 2 HPO 4 buffer of pH range from 3.0 to 7.0.
Laminarin hydrolysis
A 50-μL aliquot of the purified killer toxin was added to 100 μL of 0.05 M acetic acid-sodium acetate buffer (pH 4.5) containing 0.25% laminarin. The samples were placed in a thermostatic water bath at 30
• C for 1 h and boiled at 100
• C for inactivation. In the control, an inactivated killer toxin (boiling inactivation, 15 min) was used to hydrolyze a laminarin sample. The final hydrolysis products were determined by thin-layer chromatography (Gong et al. 2007) .
Scanning electron microscopy analysis of toxin treated cells
Protoplasts of the pathogenic yeast M. bicuspidata WCY were prepared as previously described (Liu et al. 2012) . The washed protoplasts of the toxin-sensitive cells were seeded onto protoplast-killing activity test plates, and assayed for killing activity by using the diffusion test method as described in 'Determination of specific killer activity'. Integral cells of the toxinsensitive strain WCY that were cultivated to the logarithmic phase were used as a control. In addition, cover slips were dipped into the WCY cells around the Oxford cups and prepared for scanning electron microscopy (SEM). The control was a sample containing no killer toxin. The samples were observed and photographed using an EVO-18 scanning electron microscope (Carl Zeiss, Heidenheim, Germany).
Protein identification by mass spectrometry
The purified killer toxin identification work was carried out at ProtTech Inc. (Phoenixville, PA, USA) using a nano liquid chromatography-electrospray ionization-tandem mass spectroscopy (NanoLC-ESI-MS/MS) system for peptide sequencing, which identifies protein with an ultra-high sensitivity. It has been successfully used in numerous proteomic analyses (Yan et al. 2014; Li et al. 2015) . The analysis was done as previously described (Griffin et al. 2010) , with trypsin-digested protein samples subjected to NanoLC-ESI-MS/MS using highperformance liquid chromatography (HPLC; Agilent Technologies, Santa Clara, CA, USA) with a reverse phase C18 capillary column ( spectrometry (MALDI-TOF MS), which is based on peptide mapping, the independent peptide sequences were generated by the NanoLC-ESI-MS/MS system (Yan and Forster 2009) . The MS data were used to search against the most recent non-redundant protein database (NR database, NCBI) with the ProtQuest software suite (ProtTech Inc).
RESULTS AND DISCUSSION
Purification of killer toxin
In the anion-exchange chromatography, eluent with killing activity were collected in the first half of the elution peak (data not shown). However, the elution curve of gel filtration chromatography contained four elution peaks (data not shown). The eluent at peak 5 (the first elution peak and the first half of the second elution peak) had killing activity, and the eluent was collected in collection tubes numbered 1-20. All eluent aliquots in collection tubes 1-20 were analyzed by cation-exchange chromatography using gradient elution with 0-1 M NaCl and ion exchange buffer under the same conditions. The elution curve shown in Fig. 1 indicates that the eluent portion at the first elution peak had killing activity, with the peak vertex possessing the highest killing activity. The isolation and purification procedures for the killer toxin are summarized in Table 1 . After ultrafiltration concentration and three rounds of chromatography column purification, the killer toxin was purified 72.2-fold compared with the cell culture supernatant, with a 6% yield.
Denaturing PAGE
The final concentrated eluent showed a single band indicating a molecular weight of 47.0 kDa (Fig. 2) , which was very similar to the molecular weight of the killer toxin generated by Meyerozyma anomala (Pichia anomala) YF07b (47.5 kDa) (Wang et al. 2007a ). The molecular weight was different from those of the killer toxin proteins generated by yeast strains Cyberlindnera saturnus DBVPG 4561 (62.0 kDa) (Buzzini et al. 2004) and W. saturnus WC91-2 (11.0 kDa) (Peng 2010 ).
Effects of temperature and pH on killing activity
In the killer activity test (Fig. 3a) , the microbial inhibition zone displayed the largest diameter (16.5 mm) at a cultivation temperature of 16
• C. At low temperature, the killer toxin showed lower activity. As the temperature increased, the microbial inhibition zone gradually decreased, and completely disappeared at 36
After incubation of the killer toxin at various temperatures for 1 h, the stability of the killing activity was tested. Killing activity displayed good stability in the temperature range of 0
rapidly declined at temperatures above 40
• C, and was almost totally absent at temperatures above 50
• C (Fig. 3a) . In the natural environment, most killer toxins are temperature-sensitive. For example, the activity of the yeast K1 toxin drops to zero at 40 • C, and the killer toxin of P. anomala NCYC 432 is stable below 37 et al. 2006) . However, the toxin (HM-1 or HMK) generated by Williopsis mrakii is highly thermally stable, retaining very high killing activity even when heated to 100 • C for 10 min (Yamamoto et al. 1986 ).
The killing activity of the presently purified killer toxin was tested on pH test culture media. The microbial inhibition zones were the largest at pH 5.0 and 5.5, with a diameter of 17.5 mm, while no microbial inhibition zone formed at pH values lower than 3.5 or higher than 7.0 (Fig. 3b) . The activity of the killer toxin was tested after 24-h exposure to different pH levels. The killer toxin had relatively good stability at pH 4.0-6.5 (Fig. 3b) . Under most conditions, killer toxins are active in an acidic environment. For example, the killer toxin of Pichia farinosa KK1 is active over a pH range of 2.5-4.0 (Suzuki and Nikkuni 2014) . The dimeric killer protein of Schwanniomyces occidentalis has an optimal pH range of 4.2-4.8 and is stable at pH 2-5 (Chen et al. 2000) . The killer toxin of Pichia kluyveri is stable in the pH range of 2.5-4.7 (Middelbeek et al. 1979) . The killer toxin of Kluyveromyces lactis IFO 1267 has stable killing activity toward toxin-sensitive Saccharomyces cerevisiae over a relatively wide pH range of 4-8 (Sugisaki et al. 1984) . The killer toxin (HM-1 or HMK) of W. mrakii is stable over a pH range of 2-11 (Yamamoto et al. 1986 ). The present toxin retained complete activity at pH 4.0-6.0 and 10
• C-
40
• C, but lost its activity at higher temperatures.
Ability of killer toxin to hydrolyze laminarin
Laminarin is a polysaccharide primarily composed of β-1,3 cross-linked glucose residues, which adopt a helicoillike arrangement. Laminarin is primarily hydrolyzed by β-1,3-glucanase, which is categorized as exo-β-1,3-glucanase and endo-β-1,3-glucanase and can break glycosidic bonds. Exo-β-1,3-glucanase hydrolyzes laminarin by sequentially breaking down the glucose residues at the non-reducing terminal of the polymer or oligomer. Therefore, glucose monomers are the only hydrolysis products. Endo-β-1,3-glucanase randomly breaks the β-1,3 bonds along the polysaccharide chain, releasing smaller oligosaccharides (Cohen et al. 1999) . Presently, after the reaction was complete, the solution of the purified killer toxin and laminarin was subjected to thin-layer chromatography (data not shown). No monosaccharide or oligosaccharide was observed for sample and control. This indicated that the killer toxin of the purified yeast strain DD21-2 did not have β-1,3-glucanase activity. Many studies have reported that killer toxins have β-1,3-glucanase activity. For example, Wang et al. (2007b) found that the killer toxin of the marine yeast strain P. anomala YF07b displayed β-1,3-glucanase activity. However, Guo et al. (2013) purified another killer toxin, which was 67.0 kDa in molecular weight, from the same strain and did not find evidence of β-1,3-glucanase activity. Likewise, the killer toxin of W. saturnus WC91-2 did not show β-1,3-glucanase activity (Peng 2010) .
Assay of the killing activity of the purified killer toxin
The killing activity of the purified killer toxin with respect to killer toxin-sensitive WCY cells was assessed. After 2 days of cultivation, conspicuous microbial inhibition zones formed on the test plates that were inoculated with the cells of pathogenic WCY, whereas the test plates inoculated with the protoplasts of pathogenic WCY did not show a decrease or disappearance of protoplasts or a clear zone (data not shown). These results indicated that the killer toxin of the purified killer yeast DD21-2 only acted on the cell wall of integral cells of the toxin-sensitive strain (i.e., the receptor of the killer toxin occurs on the cell wall surface of toxin-sensitive yeast). Magliani et al. (1997) showed that the killer toxin HM-1 generated by W. mrakii only killed whole sensitive cells, but did not show any effect on the protoplasts of those yeasts. Comitini, Mannazzu and Ciani (2009) purified a killer toxin with highly specific β-glucanase activity that disrupted the integrity of the yeast cell wall. Guyard et al. (2002b) reported the resistance of protoplasts of WmKT-sensitive yeasts to the toxin WmKT, and that β-glucan in the cell wall was a prerequisite for the lethal effect of WmKT.
The presently examined killer toxin did not have β-1,3-glucanase activity (data not shown). The killer toxin of DD21-2 did not kill cells by hydrolyzing cell wall glucan did not directly act on the cell membranes of the toxin-sensitive yeast, and could not kill the cell protoplasts of the toxin-sensitive yeast (Fig. 4) . To further verify the mechanism of action of the killer toxin of DD21-2, we collected toxin-sensitive WCY cells following their exposure to the DD21-2 killer toxin and assessed them by SEM (Fig. 4) . Compared with untreated cells (Fig. 4a) , Fig. 4b clearly shows that after toxin treatment cells displayed invaginations, disrupted cell wall integrity and lysis. This verified that the killer toxin of M. saccharicola DD21-2 acted on the cell wall of the toxin-sensitive yeast, damaging cell integrity and resulting in cell lysis and death. Therefore, the killer toxin of M. saccharicola DD21-2 might be easily and safely applied to control the growth of pathogenic yeasts. Moreover, this toxin is not toxic to animals and humans because their cells lack cell walls. Peng (2010) observed that the killer toxin of the yeast strain WC91-2 does not kill cells by hydrolyzing the glucan in the cell walls and does not directly act on the cell membranes of sensitive yeasts. The presence of the WC91-2 killer toxin affects the osmotic pressure experienced by sensitive yeast cells. The intracellular pressure causes the formation of pores, and the resulting leakage of intracellular substances at vulnerable parts of non-integral cell walls can be lethal. The killer toxins of DD21-2 and WC91-2 might have similar actions. And almost all the different fungal cell wall structural components can act as primary killer toxin receptors (Magliani et al. 2008) . In this case, the toxin first recognizes a cell wall receptor. When exerting its lethal effect, the killer toxin binds to the cell wall receptors of the sensitive strain with low affinity and at a high rate. If energy is supplied, the toxin binds to cell membrane receptors with high affinity and at a low rate, while energy-consuming reactions take place, which eventually kill the sensitive strain (Jia 2012) .
Protein identification by mass spectrometry
Nano-LC-ESI-MS/MS examined several peptide fragments of the purified killer toxin produced by M. saccharicola DD21-2 (data not shown). The amino acid sequences of these peptide fragments matched that of the protein kinase from S. cerevisiae S288c (Fig. 5) . However, the purified protein was confirmed to lack exo-β-1,3-glucanase activity, consistent with the lminarin hydrolysis results. Protein kinases are involved in signal transduction in yeasts (İzgü et al. 2006; Peng et al. 2009; Peng 2010) . However, it has also been reported that the killer toxin produced by Pichia acaciae can cause DNA damage and apoptosis in S. cerevisiae (Klassen and Meinhardt 2005) .
CONCLUSIONS
The purified killer toxin of the marine yeast strain M. saccharicola DD21-2 is a monomeric protein with a molecular weight of 47.0 kDa. The optimal temperature and pH for the activity of the purified toxin on the toxin-sensitive yeast WCY was 16
• C and 5.5
• C, respectively. The toxin was stable over a temperature range of 0 • C-40
• C and pH range of 4.0-6.5. The toxin was only effective against toxin-sensitive integral cells and had no killing effect on the protoplasts of toxin-sensitive cells. SEM revealed the cell walls of sensitive yeasts as the site of activity. The toxin binds to a cell wall receptor of the treated strain, disrupted cell wall integrity and eventually caused death. The amino acid sequence identified by MS indicated that the purified killer toxin might be a protein kinase, but did not show β-1,3-glucanase activity, consistent with the lminarin hydrolysis results. These findings provide a basis for disease prevention and control in marine aquaculture.
